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The Caenorhabditis elegans basic leucine zipper (bZip) protein CES-2 regulates the transcription of different genes in different cells. Here, we
show that CES-2 mediates its effects in one cell (the excretory duct cell) together with another bZip protein, ATF-2. Both proteins influence
transactivation of a target gene, lin-48. Although lin-48 is required for both anatomical and physiological features of the excretory duct cell, ces-2
and atf-2 mutants only exhibit anatomical defects. We show that CES-2 and ATF-2 modify the temporal transcription of lin-48, acting to initiate
embryonic expression required for normal excretory system development and anatomy. In contrast, CES-2 and ATF-2 do not influence post-
embryonic lin-48 expression. We provide evidence that CES-2 and ATF-2 can interact with each other, and that they cooperate to form a complex
on lin-48 regulatory sequences. Thus, the two bZip proteins function together as one of several inputs that influence the spatial and temporal
regulation of lin-48.
D 2005 Elsevier Inc. All rights reserved.Keywords: Basic leucine zipper (bZip); Developmental gene regulation; Developmental timing; Excretory systemIntroduction
Basic leucine zipper (bZip) transcription factors contain a
characteristic conserved domain composed of a leucine zipper
dimerization domain and a basic DNA binding domain
(reviewed in Hurst, 1996). The proteins commonly form
dimers to bind to DNA. Many bZip proteins can form
homodimers as well as heterodimers with other bZip proteins.
Dimer formation can be restricted by sequence features of the
bZip proteins but also by whether the proteins are normally
expressed together in the same cell. bZip proteins have been
shown to play an important role during animal development,
circadian rhythm regulation, and oncogenesis (e.g., Gachon et
al., 2004; Mitsui et al., 2001; Papassava et al., 2004; Reimold
et al., 1996). Research on the biochemical properties and
transactivation capabilities of bZip proteins has shown that
different homodimer and heterodimer pairs can bind to
different response elements, resulting in the expression of0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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2001). Thus, the ability to form different types of complexes,
which have different regulatory properties, confers significant
regulatory flexibility on bZip proteins. Genetic studies have
complemented cell culture and biochemical analysis of bZip
proteins and clarified their normal, in vivo functions. However,
since these studies generally focus on functions for individual
factors, the role for bZip protein cooperation and regulatory
flexibility in vivo is less well characterized.
The Caenorhabditis elegans gene ces-2 encodes a bZip
protein originally identified for its function in establishing
whether a specific cell (the NSM sister cell) undergoes
programmed cell death or apoptosis. In the NSM sister cell,
ces-2 acts to negatively regulate ces-1, a gene that encodes a
zinc finger transcription factor similar to Snail (Metzstein and
Horvitz, 1999). More recently, we have shown that ces-2 also
acts in the development of a cell of the excretory system, called
the excretory duct cell (Wang and Chamberlin, 2002). In this
cell, the function of ces-2 is not to influence apoptosis but
rather cell morphogenesis. In the excretory duct cell, ces-2
mediates its effects by acting as a positive, rather than negative,
regulator of lin-48, a gene that encodes a zinc finger
transcription factor similar to Ovo (Johnson et al., 2001).89 (2006) 456 – 465
www.e
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different outcomes in different cells but did not clarify the
mechanism that would allow for its functional diversity.
This work focuses on how CES-2 regulates the lin-48 gene
in the excretory duct cell. C. elegans is distinct from five other
Caenorhabditis that have been tested in that C. elegans
animals express lin-48 in the excretory duct cell, and this
expression confers specific anatomical and physiological
features on the species (Wang and Chamberlin, 2004). The
presence of CES-2 response elements in lin-48 regulatory
sequences is one of several sequence differences between C.
elegans and the other species and contributes to the gene
expression differences (Wang and Chamberlin, 2002). In
response to LIN-48 in the excretory duct cell, C. elegans
animals exhibit increased tolerance of a high-salt environment
and morphological alterations to the excretory duct that result
in a shorter, more posterior duct. As lin-48 encodes a
transcription factor, it is predicted that the expression of LIN-
48 target genes mediates these excretory duct features.
Here, we show that CES-2 regulates the transcription of lin-
48 in the excretory duct cell together with another bZip factor,
ATF-2. ATF-2 shares functions in the excretory duct cell with
CES-2, but each protein has some functions in other cells in the
animal that are not shared. Thus, cooperation between CES-2
and ATF-2 provides specificity of target gene regulation by
CES-2 in the excretory duct cell. In addition, we show that
CES-2 and ATF-2 allow genetic dissection of lin-48 function in
the excretory duct cell by impacting its anatomical but not its
physiological effects. CES-2 and ATF-2 act to initiate lin-48
expression in the embryo, where lin-48 is required to influence
the development of the excretory duct cell. In contrast, the
factors do not influence expression in the larva, where lin-48 is
required for the physiological features of the excretory duct cell.
Thus, CES-2 and ATF-2 impact a subset of lin-48 functions by
specifically promoting excretory duct cell expression during
embryonic development. These results identify a distinct
mechanism to influence or alter the timing of gene expression,
as lin-48 contains independently regulated temporal enhancers.
Unlike the regulatory hierarchy of many genes, subsequent
expression of lin-48 in the excretory duct cell (maintenance) is
not dependent on the activity of earlier factors (initiation).
Materials and methods
C. elegans strains and strain construction
C. elegans strains were cultured according to standard techniques (Sulston
and Hodgkin, 1988). Mutations are described in wormbase (http://www.
wormbase.org/). atf-2(tm467) was graciously provided by the laboratory of
Shohei Mitani (http://www.grs.nig.ac.jp/c.elegans/index.jsp). Mutations used:
ces-2(n732) I; atf-2(tm467) II; lin-48(sa469), unc-119(e2498) III; him-
5(e1490) V. Transgenes used: bcIs25 (ptph-10gfp; Thellmann et al., 2003);
saIs14 (lin-480gfp; Sewell et al., 2003).
Phenotypic analysis
Excretory duct cell morphology and salt tolerance were measured as
described previously (Wang and Chamberlin, 2002, 2004). The data of Figs. 1I
and 2G include measurements from at least 30 animals of each genotype. Thedata of Figs. 1J and 2H represent survival assessed from three separate trials
including five high-salt plates each (20 animals/plate) per genotype. The marker
ptph-10gfp was used to visualize the NSM cell and survival of the NSM sister
cell, as described in Thellmann et al. (2003). The data of Table 1 correspond to
at least 20 animals per genotype. To assay ces-2 and atf-2 embryonic viability
(Table 1), twenty eggs were placed on an NGM plate. Unhatched, inviable eggs
were observed after 24 h. The experiment was repeated three times for each
strain.
ces-2 and atf-2 genomic clones and transgenic rescue
A genomic clone of ces-2 (pXW64) was made by amplifying a 4.5-kb
fragment from wild-type C. elegans genomic DNA that included sequences
previously shown to rescue ces-2 mutants (Metzstein et al., 1996). The fragment
was cloned into pBluescript II. A genomic clone of atf-2 (pHJ39) was recovered
as a 7.2-kb HindIII fragment from cosmid K08F8 and cloned into pBluescript II.
Transgenes for each were produced by microinjection of plasmid DNA (30–90
ng/Al) and 9 ng/Al myo-20gfp as a transformation marker into the mitotic
germline of hermaphrodites according to the method of Mello et al. (1991).
ces-20gfp, atf-20gfp and pces-20lin-48 expression constructs
For ces-20gfp, 3.7 kb including DNA spanning 0.5 kb upstream to the third
exon of ces-2 was cloned in-frame in the GFP vector pPD95.69 (pPD vectors
are a gift from A. Fire; the resulting clone is pXW117). 70 ng/Al of pXW117
was co-injected with 15 ng/Al pDP#MM016 (unc-119(+) plasmid; Maduro and
Pilgrim, 1995) into unc-119(e2498); him-5(e1490) animals. For pces-20lin-48,
0.5 kb upstream of ces-2 was cloned into MCS I of pPD49.26, upstream of lin-
48 cDNA in MCS II (pXW120). 77 ng/Al of pXW120 was co-injected with
unc-119(+) DNA as above into lin-48(sa469) unc-119(e2498); him-5(e1490).
As a control for ces-2 promoter activity, the 0.5-kb fragment was cloned
upstream of GFP-coding sequences, and the resulting transgenes were found to
promote expression in the excretory duct cell similar to pXW117 (data not
shown). A strain bearing a transgene including plin-480lin-48 (Wang and
Chamberlin, 2004) was used as a positive control for rescue activity. For atf-
20gfp, a 2.6-kb Sal I fragment from K08F8 was cloned in-frame in the GFP
vector pPD95.69 (pXW114). 48 ng/Al of pXW114 was co-injected with 86 ng/
Al pBluescript as carrier and 15 ng/Al pDP#MM016 into unc-119(e2498); him-
5(e1490) animals.
Analysis of lin-480gfp reporter transgenes
lin-48 expression in the excretory duct cell was analyzed using two reporter
constructs. The ‘‘full-length’’ construct includes 6.8-kb C. elegans lin-48
upstream sequence directing the expression of GFP (pTJ1157; Johnson et al.,
2001). The ‘‘enhancer’’ construct includes 60 bp of C. elegans sequence in the
background of C. briggsae lin-48 sequences (pXW42; Wang and Chamberlin,
2002). This clone served as the template to produce transgenes with mutations
in lre3 and lre4 using the QuikChange method (Stratagene) (Figs. 4B, 5). The
intact and mutant ‘‘enhancer’’ constructs were tested by injection directly into
different genetic backgrounds or by genetic crossing. The reporter genes were
injected at a concentration of 40–80 ng/Al. To assess expression at different
times, eggs and animals were observed for GFP expression and developmental
stage. Although expression data were tabulated across all developmental stages,
they are consolidated for Fig. 2F. The important expression differences were
observed when comparing 1.5-fold or later embryonic stages to all larval
stages. The embryos observed for Fig. 2F were all older than 1.5-fold stage. For
Fig. 5C, expression was scored in L1 larvae to allow comparison to previous
experiments (Wang and Chamberlin, 2002). In these animals, the activity of the
wild-type ‘‘enhancer’’ construct is reduced compared to embryos (Fig. 2F) as in
the L1 larvae the GFP expression is no longer being maintained. In all cases,
reporter gene expression was assayed by direct observation. Transgenic animals
were verified by confirming GFP expression in at least one additional cell in the
animal before scoring. Expression in the excretory duct cell was scored relative
to other cells in the animal and categorized as ‘‘expressing at wild-type levels’’,
‘‘reduced but detectable expression’’ or ‘‘no expression’’. The data from Fig. 2F
are derived from crossing the same integrated transgene into different genetic
Fig. 1. C. elegans ces-2 and atf-2 are expressed in the excretory duct cell, and mutants show altered duct anatomy compared to wild-type animals. (A–D) Nomarski
DIC micrographs show cells of the excretory system from (A) wild type, (B) ces-2 mutant, (C) atf-2 mutant, and (D) ces-2; atf-2 double mutant. The large excretory
cell nucleus (labeled with asterisk) is posterior to the excretory duct cell (open arrowhead). The excretory duct connects to an opening in the ventral cuticle (filled
arrow). The distance between the duct opening and the base of the posterior pharynx bulb (measured in I) is indicated with a bracket. This measure to quantify
alterations in the excretory duct anatomy was used for comparison to previous studies with lin-48 (Wang and Chamberlin, 2002). (E–H) ces-2 and atf-2 are
expressed in the excretory duct cell in wild-type animals. (E, G) Nomarski DIC micrograph and (F, H) epifluorescent micrograph of corresponding wild-type C.
elegans larva showing expression of atf-20gfp (E, F) and ces-20gfp in the excretory duct cell (G, H). The excretory duct cell is indicated by an open arrowhead. (I)
In lin-48, ces-2 and atf-2 mutants and ces-2; atf-2 double mutants the excretory duct opening locates more anterior compared to C. elegans wild type. guEx(ces-
2(+)) and guEx(atf-2(+)) are transgenes containing genomic clones of wild-type ces-2 and atf-2, respectively. Bars (meansTSEM) show the distance between the
excretory duct opening and the base of the posterior pharynx bulb. (J) C. elegans wild type, ces-2 mutants, atf-2 mutants and ces-2; atf-2 double mutants exhibit
higher salt tolerance compared to lin-48 mutants. Bars (meansTSEM) represent the percent survival of L3 worms after 24 h on NGM plates made with 500 mM
(rather than 50 mM) sodium chloride. *P <0.001 by treatment (strains other than wild type) versus control (wild type). Data were analyzed using one-way ANOVA
and two-sample t test with Bonferroni adjustment.
X. Wang et al. / Developmental Biology 289 (2006) 456–465458backgrounds (for full-length lin-480gfp (pTJ1157); transgene saIs14), or at
least two independent transgenic line per clone (for the 60 bp enhancer lin-
480gfp (pXW42)). For Fig. 2F, at least 45 animals were observed for each
developmental stage. The data of Fig. 5C are derived from at least three
independent transgenic lines per clone.
Expression of proteins in worms and co-immunoprecipitation
cDNAs coding for full-length CES-2 and ATF-2 protein and a truncated
ATF-2 protein (lacking the 3V end and the coding region for the bZip domain)were amplified from RNA isolated from wild-type worms and cloned
downstream of the hsp16–41 promoter in the vector pPD49.83 (a gift from
A. Fire). Sequences corresponding to the FLAG or to the cMyc epitope were
introduced in-frame at the 3V end of each cDNA to allow detection of the
expressed protein. Transgenes for the heat-inducible constructs were produced
by microinjection of plasmid DNA as described above. 40 – 80 ng/
Al experimental clone was co-injected with 15 ng/Al pDP#MM016 (unc-
119(+) plasmid; Maduro and Pilgrim, 1995) into unc-119(e2498) animals.
Protein expression was induced by subjecting mixed-stage animals to a 35C
heat-shock for 30 min. After 30-min recovery at room temperature, worms were
Fig. 2. ATF-2 and CES-2 act to initiate lin-48 expression in embryos. Nomarski DIC micrograph of two-fold stage embryos (A–D). Expression of lin-480gfp in the
excretory duct cell (labeled with open arrowhead) is observed in the wild-type embryo (B) but is absent in the atf-2 mutant (D). lin-480gfp expression in hindgut
cells (filled arrow) and head (solid arrowhead) remains the same. ces-2 mutants exhibit a similar defect (quantified in F). (E) Schematic of lin-480gfp transgenes
used in this study. Ovals correspond to the position of lin-48 regulatory sequences described in this and other studies (Johnson et al., 2001). pTJ1157 includes all lin-
48 upstream sequences from C. elegans (solid line and open ovals). pXW42 includes upstream sequences from C. briggsae (dotted line and filled oval) plus 60 bp
from C. elegans that include lre3 and lre4 (see Fig. 4A). (F) Bars show the percent of animals from each developmental stage expressing GFP in the excretory duct
cell. At least forty-five animals were observed for each stage. (G, H) Rescue of lin-48 mutant duct anatomical defect, but not salt tolerance, by pces-20lin-48. Data
presented as in Fig. 1. pces-20lin-48 and plin-480lin-48 correspond to lin-48(sa469) mutant animals bearing transgenes with each clone. *P <0.001 by one-way
ANOVA followed by Tukey’s test.
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buffer (50 mM HEPES–NaOH, pH 7.6; 1 mM EDTA; 140 mM NaCl; 0.5%
NP-40; 10% glycerol; 5 mM DTT; protease inhibitor cocktail (Calbiochem)).
Worms were then centrifuged, and the supernatant was discarded. Followingaddition of another 500 Al lysis buffer with fresh protease inhibitor cocktail,
lysates were transferred to 80-C freezer overnight. Worm pellets were thawed
and sonicated eight times, 10 s each. Following sonication, worm lysates were
centrifuged, and the supernatant was transferred to a fresh tube. 500 Al of
Table 1
Phenotypes of ces-2 and atf-2 mutants
Genotype NSM sister
cell present (%)
Embryonic
lethality (%)
Wild type 0 0
ces-2(n732) 73 0
atf-2(tm467) 2 84
ces-2(n732);
atf-2(tm467)
89 86
Fig. 3. CES-2 and ATF-2 interact in vivo. Co-immunoprecipitation of CES-2
and ATF-2 from worm lysates. Immunoprecipitation with either CES-2 or ATF-
2 brings down the other protein. CES-2 and ATF-2 proteins tagged with either a
FLAG or cMyc epitope were expressed in C. elegans animals under control of
a heat-inducible promoter. In each case, an anti-FLAG antibody was used to
immunoprecipitate proteins from lysates. The top panel is probed with an anti-
FLAG antibody to detect the efficacy of the immunoprecipitation. The bottom
panel is probed with an anti-cMyc antibody, to detect whether the other protein
is recovered in the precipitate. Immunoprecipitation of CES-20FLAG co-
precipitates ATF-20cMyc (lane 4). Likewise, immunoprecipitation of ATF-
20FLAG co-precipitates CES-20cMyc (lane 6). Deletion of the bZip domain
from ATF-2 (ATF-2(-bZip)) disrupts the interaction, and the mutant ATF-
20cMyc protein does not co-precipitate with CES-20FLAG (lane 2). in—
input, IP—immunoprecipitate.
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the input control. Supernatant was pre-cleared by equilibrated anti-Flag M2
agarose affinity gel beads (Sigma), and then incubated with equilibrated anti-
Flag beads on a rotator for 2 h at 4-C. The beads were washed twice with the
same lysis buffer as above and then boiled with 2X SDS buffer for 5 min. 16
Al of each sample was separated by SDS-PAGE. Proteins were transferred to a
nitrocellulose membrane (Bio-Rad), blocked overnight with 5% non-fat dried
milk in PBS plus 0.1% Tween, then washed 2 with PBS Tween. Proteins were
detected with anti-FLAG and anti-cMyc antibodies (Sigma and Santa Cruz
Biotechnology) diluted 1:700.
CES-2 and ATF-2 protein expression and EMSA
To make clones for production of recombinant proteins corresponding to
the CES-2 and ATF-2 bZip domains, we used RT-PCR of wild-type C.
elegans RNA. cDNA coding for amino acids 109–211 of CES-2 was
cloned into pGEX-4T-1 (Amersham), and cDNA coding for amino acids
320–400 of ATF-2 was cloned into pET-32a (Novagen). These fragments
include the predicted DNA binding and dimerization (bZip) domain for each
protein. Recombinant proteins were expressed in E. coli strains BL21 and
BL21 Codonplus (Stratagene) cells. Cells were lysed with sonication in E.
coli lysis buffer (Qiagen). Recombinant protein expression was confirmed
with SDS-PAGE, and expressed protein amount was estimated by
comparing dilutions to known quantities of BSA. For the experiments,
lysates were utilized that included similar levels of expressed recombinant
protein. Cell lysates, rather than purified protein, were used for DNA
binding assays since we found that purifying the proteins significantly
reduced their activity (data not shown). In all cases, lysates from cells
bearing the vectors with no cDNA insert were used as a negative control
(e.g., Fig. 5A). Clones including just the bZip domain were used for the in
vitro assay, as larger fragments exhibited limited solubility when expressed
in bacteria. Full-length protein was used in the immunoprecipitation
experiment (below; Fig. 3).
The oligonucleotides used in EMSA are illustrated in Fig. 4. Probes were
purified on a 12% non-denaturing polyacrylamide gel and labeled at the 3V end
with digoxigenin (Roche). In each binding reaction, 200 ng protein in a 20
Al reaction mix was incubated with DIG labeled oligos in 1 binding buffer (10
mM HEPES pH7.9; 50 mM NaCl; 0.1 mM DTT; 1 mM EDTA; 1 Ag poly[d(I-
C)]; 0.1 Ag polylysine; 5% glycerol) at room temperature for 1 h. For the
competitive EMSA, proteins were incubated with 10-, 100-, or 1000-fold molar
excess of unlabeled oligos. Labeled and unlabeled oligos were pre-mixed and
added into the reaction at the same time. Non-denaturing polyacrylamide gels
containing 6% polyacrylamide were run at 4-C in 1 Tris–glycine–EDTA
buffer under 100 V. DNA was then transferred onto positively charged nylon
membrane (Osmonics Inc.) and UV light cross-linked. Digoxigenin label was
detected using chemiluminescence (Roche).
Results
ATF-2 acts with CES-2 to promote lin-48 expression and
function in the C. elegans excretory duct cell
Genetic studies have shown that the C. elegans bZip
protein CES-2 mediates different cellular responses and
regulates different target genes in different cells (Metzsteinand Horvitz, 1999; Metzstein et al., 1996; Wang and
Chamberlin, 2002). As bZip proteins commonly bind DNA
as either homodimers or heterodimers, we hypothesized that
different activities of CES-2 are mediated in combination with
other bZip proteins. At least six different C. elegans bZip
proteins have been shown to interact with CES-2 in yeast two-
hybrid assays (Li et al., 2004; Metzstein, 1998). To test
whether any of these corresponds to a CES-2 partner essential
for regulating lin-48 expression in the excretory duct cell, we
used double stranded RNA-mediated interference (RNAi)
directed against each gene to interfere with its activity (data
not shown). These preliminary experiments suggested that one
gene, atf-2 (K08F8.2), functioned in the excretory system
similar to ces-2. To confirm these results, we obtained a
deletion allele of atf-2 from the laboratory of S. Mitani (http://
www.grs.nig.ac.jp/c.elegans/index.jsp) for further analysis.
Analysis of this atf-2 mutant confirmed that atf-2 affects the
excretory system anatomy in the same way that ces-2 does.
Mutants have a longer excretory duct cell which connects to
the cuticle at a more anterior position than that seen in wild
type (Figs. 1A–D, I). For both ces-2 and atf-2, this excretory
duct cell defect can be rescued to wild type by introducing
genomic clones of the wild-type gene. In addition, atf-2
mutants exhibit altered expression of a lin-480gfp transgene
that includes the previously characterized CES-2-response
element (Fig. 2E). These results indicate that ces-2 and atf-2
have similar functions in the excretory duct cell.
Fig. 4. Transcriptional regulatory sequences in lin-48. (A) DNA sequence from C. elegans lin-48 that includes the potential response elements, lre3 and lre4. The
sequences included in the 60-bp enhancer (pXW42, Fig. 2E) are indicated with a bracket above, and the sequences included in the EMSA probe (Fig. 5) are indicated
with a bracket below. (B) Alignment of a consensus sequence bound by CES-2 homodimers (from Metzstein et al., 1996) with lre3, lre4, and the mutant variants used
in the EMSA and reporter transgene assays. Mutations are listed in lower case italics.
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the excretory duct cell
To characterize the expression pattern of ATF-2 and CES-2,
we constructed GFP reporter transgenes. Both atf-20gfp and
ces-20gfp express in the excretory duct cell, as well as other
cells in the animal (Figs. 1E–H). aft-20gfp expresses in more
cells than ces-20gfp does, including both the excretory duct
and the excretory pore cell of the excretory system, as well as
cells of the egg-laying and digestive systems (data not shown).
atf-20gfp expression initiates in the embryo and persists into
larval and adult stages. In contrast, expression of ces-20gfp is
more robust in the embryo and diminishes in larvae. This
expression pattern is consistent with other experiments that
show ces-2 expression is limited to embryonic stages (Hill et
al., 2000; Metzstein, 1998). We interpret that both ATF-2 and
CES-2 are expressed in the excretory duct cell, consistent with
the idea that they act directly to regulate the transcription of lin-
48 in this cell.
Although ces-2 and atf-2 mutants share similar defects in
the excretory system, some other functions do not appear to
overlap (Table 1 and data not shown). In particular, defects
including embryonic lethality, egg-laying and gonad defects
associated with atf-2 mutants are not apparent in ces-2 mutants.
Reciprocally, apoptosis of the NSM sister cell is defective in
ces-2 and normal in atf-2 mutants, although the atf-2 mutation
weakly enhances the apoptosis defect of ces-2 mutants.
Although these results do not rule out the possibility that
CES-2 and ATF-2 function together in cells in addition to the
excretory duct cell, they indicate that the two genes have
shared as well as non-overlapping functions.
ATF-2 and CES-2 contribute to the initiation of lin-48
excretory duct cell expression in the embryo but not to
maintenance in the larva
lin-48 mutants exhibit two defects associated with the
excretory system: altered excretory duct anatomy and reduced
salt tolerance (Wang and Chamberlin, 2004). Although ces-2
and atf-2 mutants show altered anatomy, the single as well asdouble mutants are wild type for salt tolerance (Fig. 1J). How is
it that upstream regulators can affect one function, but not
another, of a downstream gene? Previously, we found that
multiple lin-48 regulatory sequences can promote expression in
the excretory duct cell, suggesting the gene contains redundant
regulatory information. Indeed, a reporter transgene including
the full-length lin-48 regulatory sequence does not exhibit
significantly altered expression in ces-2 or atf-2 mutant larvae
(Fig. 2F; Wang and Chamberlin, 2002). As our previous
experiments had focused on a single developmental time point,
we assayed lin-480gfp expression throughout development in
wild type, ces-2 and atf-2 mutants to better characterize the
regulatory relationship between the bZip factors and lin-48. In
wild-type animals, lin-480gfp expression in the excretory duct
cell is detected in a majority of embryos by comma stage and
persists throughout larval development into adulthood (Figs.
2A–D, F). In contrast, excretory duct cell expression of lin-
480gfp is not detected in most ces-2 or atf-2 mutants until they
hatch, although expression timing and levels in other cell types
are normal in embryos. The normal lin-48 expression pattern,
including the excretory duct cell, is robust in mutant larvae and
adults. Thus, although the cellular pattern is the same in wild
type and mutant, initiation of lin-480gfp expression in the
excretory duct cell is delayed in the bZip mutants.
Regulatory sequences important for lin-48 expression in the
excretory duct cell were identified previously by comparing the
gene from C. elegans to that of C. briggsae (Wang and
Chamberlin, 2002). The C. briggsae gene is not expressed and
does not function in the excretory duct cell, whereas the C.
elegans gene does. Thus, to identify excretory duct cell
enhancers, we constructed chimeric reporter transgenes that
include portions of regulatory sequences from each species.
The CES-2 response element was identified using this
approach, and it is contained in a 60-bp enhancer sequence
from the C. elegans gene which can promote expression in the
excretory duct cell when placed in the context of C. briggsae
lin-48 sequences (Fig. 2E; Wang and Chamberlin, 2002). As
the only sequences in this element that promote excretory duct
cell expression respond to the bZip factors, we reasoned that
the chimeric reporter gene should exhibit the timing features of
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expression of this transgene shows that it mediates a robust
response in the embryo, whereas GFP in the excretory duct cell
diminishes in larvae (Fig. 2F). Although the reporter gene
assays do not allow us to establish precise timing for the
initiation and termination of ces-2 and atf-2 activity due to
potential differences in the processing and stability of GFP, we
can nevertheless conclude that the two bZip proteins mediate
lin-48 expression mainly in the embryo, with other factors
acting to maintain expression throughout later stages.
The experiments with lin-480gfp reporter transgenes
indicate that ces-2 and atf-2 only influence embryonic
transcription of lin-48, and the excretory system phenotype
of ces-2 and atf-2 mutants is a defect in excretory duct
morphology, but not salt tolerance. Together, these results
suggest a model in which embryonic expression of lin-48
influences the developmental and thus anatomical features of
the excretory duct cell, whereas larval expression influences
physiological features such as salt tolerance. To test this model
in a more direct manner, we constructed a chimeric transgene
that includes the regulatory sequences from ces-2 driving the
expression of the lin-48 cDNA (pces-20lin-48). We included
upstream regulatory sequences from ces-2 that could promote
expression of GFP in a pattern similar to that seen in the ces-
20gfp reporter transgenes, described above. Under control of
pces-2, GFP expression is robust in the embryo but diminishes
in late embryogenesis and early larval stages (data not shown).
Thus, we predict that pces-20lin-48 should introduce lin-48
into the excretory duct cell in embryos, but not during later
stages. When introduced into lin-48 mutants, we find that pces-
20lin-48 rescues the anatomical defects associated with lin-48,
but not the salt tolerance defects, whereas a structurally similar
clone containing lin-48 upstream regulatory sequences (plin-
480lin-48) rescues both functions (Figs. 2G, H). Thus,
regulatory differences between ces-2 and lin-48 allow dissec-
tion of the function of lin-48 in the excretory system. Although
this experiment does not rule out the possibility that these
differences result from differences in low-level expression in a
different cell not detected using the GFP assay, the simplest
interpretation is that differences in the timing of expression in
the excretory duct cell allow the different functions to be
separated. This result shows that in the excretory duct, normal
anatomy is not sufficient for normal salt tolerance, whereas the
ces-2 and atf-2 mutants demonstrate that altered anatomy does
not necessarily alter salt tolerance. Altogether, we conclude
that the two excretory duct cell functions for lin-48 reflect
different roles for the gene: a role during embryonic
development that influences anatomical features and a role
during larval stages that mediates increased salt tolerance.
ATF-2 and CES-2 can interact in vivo
Experiments using the yeast two-hybrid assay have shown
that CES-2 and ATF-2 can interact with each other (Li et al.,
2004; Metzstein, 1998), and our genetic experiments indicate
that the two proteins function together in excretory duct cell
development. To test whether the two proteins can interact witheach other in C. elegans cells, we carried out a co-
immunoprecipitation assay using tagged proteins expressed
under control of the inducible promoter hsp16–41 (Fig. 3).
Using this assay, we find that immunoprecipitates targeting
CES-2 bring down ATF-2, and immunoprecipitates targeting
ATF-2 likewise bring down CES-2. In addition, the interaction
is dependent on the bZip domain, as a clone in which the
coding sequences for this domain are deleted from atf-2 will
express protein, but the protein is not immunoprecipitated by
CES-2. Since proteins expressed under control of the heat
shock promoter are broadly expressed throughout animals
(Stringham et al., 1992), this experiment is not specific to the
excretory duct cell. However, we can conclude that the two
proteins are able to interact with each other in vivo.
An ATF-2 and CES-2 complex binds to and transactivates
lin-48 regulatory sequences
Two potential bZip protein binding sites were identified in
the 60-bp enhancer sequence that promotes embryonic
expression of lin-48 in the excretory duct cell (Fig. 4A; Wang
and Chamberlin, 2002). We term these two sites lre3 and lre4
for lin-48 regulatory elements 3 and 4. Since genetic
experiments showed that both CES-2 and ATF-2 mediate the
response, we wanted to test whether these proteins bind
directly to the 60-bp element. We also wanted to test whether
the proteins bind as a heterodimer to one or both of the
potential sites or whether they utilize another mechanism. For
example, an alternative interpretation of the current data is that
both sites are necessary for lin-48 transactivation in the
embryo, but CES-2 homodimers bind to one site, and ATF-2
homodimers bind to the other.
To better understand how CES-2 and ATF-2 act to regulate
lin-48 expression, we used a labeled DNA probe that includes
both sites and tested ATF-2 and CES-2 for binding in an
EMSA (Fig. 5). Although each single protein can bind the
probe, including the two proteins together preferentially results
in formation of a robust third band that migrates more slowly
through the gel. To test which site(s) in the lin-48 probe are
responsible for this CES-2:ATF-2-dependent complex, we
performed EMSA with labeled mutant oligo, and competition
assays of unlabeled mutant oligo against labeled wild-type
DNA. We find that although the CES-2:ATF-2 complex forms
on wild-type DNA, it fails to form on oligo mutant for lre4 and
is diminished on oligo mutant for lre3 (Fig. 5A). Likewise, in
the competition experiment, unlabeled DNA mutant for lre3
competes well, whereas DNA mutant for lre4 competes poorly
and to the same extent as does DNA mutant for both sites.
Thus, formation of the CES-2:ATF-2 complex is dependent on
lre4, and we have been unable to separate the binding of CES-2
and ATF-2 by mutating the DNA oligo, consistent with the two
proteins binding to DNA together in a complex.
To test the function of lre3 and lre4 in vivo, we introduced
mutations into each element independently in the chimeric GFP
reporter gene that includes the 60-bp enhancer (pXW42, Fig.
2E). Previously, the importance of these sites in mediating the
functions associated with the enhancer had been tested using
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When tested as part of transgenes in animals, clones mutant for
lre4 showed a lower level of expression than either intact
clones or clones mutant for lre3 (Fig. 5C). However, both
single mutant clones retained some activity compared to the
double mutant. Taken together, the in vitro and in vivo results
indicate that lre4 is critical for CES-2 and ATF-2 activity, and
that it mediates much, but not all of the lin-48 response
associated with the 60-bp response element.
Discussion
Combinatorial control of gene expression by bZip protein
complex formation
The modular nature of bZip proteins allows for their
flexibility in the combinatorial control of gene expression.For example, heterodimers of Jun:Fos and Jun:ATF-2 bind to
different sequences, regulate different target genes, and mediate
different cellular outcomes (van Dam and Castellazzi, 2001).
The C. elegans bZip proteins CES-2 and ATF-2 are capable of
interacting with themselves, as well as with other bZip proteins
(Li et al., 2004; Metzstein, 1998; Metzstein et al., 1996). Here,
we have demonstrated that cooperation between these two
factors allows for specific target gene expression in one cell
type, the excretory duct cell. The specificity comes from the
expression patterns of the ces-2 and atf-2 genes, which overlap
only in the excretory duct cell, and from evidence that lin-48
regulatory sequences preferentially bind a CES-2:ATF-2
complex. For other bZip proteins, the preference of certain
binding elements for heterodimers is reflected in the binding
sequence. An optimal sequence selected by CES-2 homo-
dimers (Fig. 4B) is palindromic, as are many bZip protein
binding sites. The lre4 element essential for CES-2:ATF-2
complex formation matches this sequence exactly for one half
and only poorly for the other. Although we do not know the
preferred sequence to which ATF-2 will bind, we speculate that
the altered mirror symmetry of the lre4 sequence could
contribute to a preference for a heterodimer or other type of
complex.
The structure and stoichiometry of the CES-2:ATF-2 complex
It was surprising that including CES-2 and ATF-2 proteins
together in an EMSA produces a complex that migrates more
slowly than complexes formed with single proteins, since one
might predict a heterodimer would migrate at a position
intermediate between two homodimer complexes. This obser-Fig. 5. CES-2 and ATF-2 bind to lin-48 regulatory sequences. (A) Cell lysates
incubated with intact and mutant lin-48 probes (see Fig. 4A). Lysates including
CES-2 or ATF-2 alone or both proteins (C+A), form complexes on DNA (lanes
7–9). When both CES-2 and ATF-2 are included in the reaction, a robust
complex that is distinct from those seen with either single protein and that
migrates more slowly through the gel is observed (lane 9). Neither this complex
nor complexes with single proteins form on probe with mutant lre4(lre3(+)
lre4(); lanes 10–12). The CES-2:ATF-2 complex forms poorly on probe with
mutant lre3 (lre3() lre4(+); lane 15), although complexes for either single
protein can still form on this probe (lanes 13–14). Wild-type and mutant
sequences included in each probe are in Fig. 4. Control lanes 1–6: 1=probe
only. 2= lysates of cells carrying an empty pET32a vector. 3=empty pGEX-4T-
1 vector. 4=empty pGEX-4T-1 and empty pET32a vectors. 5=CES-2 and
empty pET32a vector. 6=ATF-2 and empty pGEX-47-1 vector. (B) Cell lysates
including CES-2, ATF-2, or both proteins (C+A) were incubated with labeled
wild-type lin-48 probe (lanes 1–3). CES-2 and ATF-2 cell lysates were
incubated together with the wild-type lin-48 probe and increasing-fold
unlabeled competitor oligo. For each competition, the amount of unlabeled
competitor is 10-fold (lanes 4, 7, 10, 13), 100-fold (lanes 5, 8, 11, 14) or 1000-
fold (lanes 6, 9, 12, 15) molar excess. (C) GFP reporter transgenes containing
the 60-bp enhancer sequences express in the excretory duct cell, and mutations
in lre3 and lre4 alter this expression. The percent of cells expressing normal
levels of GFP (black bar), expressing very low, but detectable levels of GFP
(gray bar) or not expressing GFP (white bar), are indicated for each construct.
(n) Number of animals scored for expression. GFP expression in hindgut was
used as an internal control for expression level and presence of the transgene in
all experiments. The expression level for the intact transgene differs from that
displayed in Fig. 2F as this analysis includes expression analysis in only L1
larvae.
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impact formation of the complex, raises the possibility that the
interaction between CES-2, ATF-2 and lin-48 DNA is more
complicated than a simple model in which the two proteins
form a single heterodimer on the lre4 site. Our EMSA results
argue against the possibility that the CES-2:ATF-2 complex
corresponds to a homodimer of each protein bound separately
to distinct elements in the 60-bp sequence. In that case, we
predict a mutant oligo might form a complex with homodimers
of one protein but not the other, resulting in a band that
migrates at the same position seen when wild-type oligo is
incubated with individual proteins. Instead, we observe that no
binding for any complex occurs when lre4 is mutant, and both
single proteins bind when lre3 is mutant, even though the CES-
2:ATF-2 complex forms poorly. One possible explanation for
the observed results is that the binding of one heterodimer
complex to lre4 may bend the DNA such that a second dimer
may bind elsewhere. It is also possible that the reduced
mobility observed when both proteins are present reflects
altered complex conformation or charge rather than complex
size. For example, a CES-2:ATF-2 heterodimer may bend DNA
to interact with both lre3 and lre4. Alternatively, CES-2 and
ATF-2 may bind to DNA as monomers (e.g., Blackwell et al.,
1994) but form a heterodimer together. In any case, it is clear
from our in vitro experiments that the two proteins together
preferentially form a complex with DNAwhich is distinct from
the complexes formed by either protein alone. Further
experiments will be required to more precisely determine
how these two bZip proteins cooperate with each other to
interact on lin-48 sequences.
Temporal regulation influences distinct functions of lin-48
Our results indicate that CES-2 and ATF-2 promote lin-48
gene expression during embryonic development, but not larval
development and adulthood. As ces-2 expression is limited to
embryogenesis whereas atf-2 expression persists throughout
development, CES-2 likely limits the activity for the complex.
Temporal separation of transcriptional regulatory features is a
common theme in developmental gene regulation (e.g., Lickert
and Kemler, 2002; Manzanares et al., 2001; Shiratori et al.,
2001; Wang et al., 2001; Zirin and Mann, 2004). A functional
separation of factors that initiate gene expression (develop-
mental factors) from those that maintain gene expression (cell-
specific factors) reflects the distinction between a cell
undergoing differentiation and a differentiated cell. Similarly,
temporal separation can reflect the sequential refinement of a
developmental fate. However, in these examples, the factors
that maintain gene expression are generally dependent on the
activity of the earlier-acting factors that initiate gene expres-
sion. For example, transcriptional initiation by one factor or set
of factors can be subsequently maintained by autoregulation
(by the gene that is expressed) or by the activity of chromatin
modifying factors. In contrast, in the current example, there is
no evidence for lin-48 autoregulation (Johnson et al., 2001),
and ces-2 and atf-2 are not strictly necessary for lin-48 gene
expression in the excretory duct cell. Thus CES-2:ATF-2 actsless as a classic transcriptional initiator upon which subsequent
expression is dependent and more as a complex that modifies
the expression profile of lin-48 in the context of other
regulatory factors. By altering the timing of expression, CES-
2:ATF-2 specifically affect one functional aspect of lin-48 but
not another.
Evolution of gene expression patterns
The CES-2:ATF-2-responsive element in lin-48 was iden-
tified as part of a comparative analysis of the lin-48 gene in
different Caenorhabditis species (Wang and Chamberlin,
2002). C. elegans is distinct from some other Caenorhabditis
species with respect to expression and function of lin-48 in the
excretory duct cell. C. elegans animals express lin-48 in this
cell and exhibit the corresponding distinct traits of posterior
duct placement and increased salt tolerance (Wang and
Chamberlin, 2004). Although differences in expression of this
single gene are responsible for the trait differences between the
species, there are multiple sequence differences in the
regulatory region of lin-48 that contribute to expression in
the excretory duct cell. This work shows that in C. elegans,
CES-2 and ATF-2 play a role in lin-48 expression that is not
redundant with other proteins, but it also demonstrates that
regulation by these factors cannot be the only regulatory
change altering lin-48. Indeed, we speculate that a critical
selection pressure for altering lin-48 expression was its ability
to confer increased salt tolerance. If this is the case, then a
regulatory change that confers selective advantage would be
one that alters lin-48 expression in larval development. Once
this primary regulatory change was established, additional
changes, such as the incorporation of the CES-2:ATF-2
response element, would act to modify the original change.
Our results suggest that although the unique excretory traits of
C. elegans result from the novel expression of one gene in the
excretory duct cell, multiple changes within the one gene are
responsible for its final expression pattern and functions.
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